New porous biomaterials based on hydroxyapatite (HAp) were designed as obturation materials for dental cavities. Synthetic HAp powder with a particle diameter of 150 m was agglutinated using three different polyurethane monocomponents (rigid, semi-rigid, and flexible), enabling the matching of their properties to those of real teeth. Alumina particles were also added in some cases. Our new hybrid materials contain up to 60% HAp. Interconnected pores range in size from 100 to 350 m, while the pore volume fraction varies between 25% and 60%. Most of these materials possess the right morphology for implants and prostheses because their porous structures can be vascularized for bone and tooth ingrowth. Some samples also contain alumina particles to improve the abrasion resistance and to support the stresses produced during mastication. The materials were characterized by x-ray diffraction, scanning electron microscopy, and mechanical testing, along with abrasion, scratch, sliding wear, friction, and staining tests.
I. INTRODUCTION
Numerous different types of biomaterials have been designed for human implants or prostheses, specifically for bone repair or bone ingrowth (e.g., traumatism and bone disease). However considerably less effort has been addressed to implants capable of tooth ingrowth. [1] [2] [3] For tooth and bone implants, a primary requirement is that the material be bioaccepted, because vascularization requires the material to support cellular activity without eliciting an inappropriate host response on recognition of the foreign molecules (i.e., molecular recognition). 4 Second, the morphology must be suitable to allow vascularization and attachment to the existing bone or tooth substrates. 5, 6 Morphological specifications for bone-implant materials require a pore size in the range of 100-400 m, with the pores being interconnected and comprising a volume fraction between 50% and 70%. 7 For tooth implants, on the other hand, the mean optimal pore size is 2.90 ± 0.22 m (standard deviation), which is considerably smaller. 8 A precise densitometry study 9 showed that enamel has a density distribution that is narrower with respect to that of dentin: namely, the density of enamel is reportedly between 2.49 and 3.00 g/mL (mean density 2.94 ± 0.03 g/mL), while the density of dentin is between 2.06 and 2.24 g/mL (mean density 2.14 ± 0.01 g/mL). Using these values, it is possible to demonstrate that the pore volume fraction of dentin is around 27%, a value in good agreement with that of 22%, which was obtained using results that have been reported elsewhere. 8 One observes then that pore size and pore volume fraction are smaller for dentin than for bone. [7] [8] [9] [10] [11] [12] While porous materials have many important applications in, for example, acoustic and thermal insulation, transportation, filtration, purification, biomaterials, building constructions, 13 a new generation of porous biomaterials has recently emerged enabling one to better reproduce the structure of natural bone. Several groups 14, 15 have been successful in controlling the size, volume, and interconnectivity of pores in their materials. Nevertheless, there have been only a few reports [16] [17] [18] on the use of porous materials for dental fillings: a possible reason for this is that porous materials tend to have poor mechanical properties, while the mastication process produces high compression and shear stresses that must be supported by the obturation material. Consequently, nonporous materials, usually hard polymer resins, are more commonly used to support these stresses. However, we claim in this article that, by the selection of an appropriate agglutinating polymer (for a ceramic filler), it is possible to create porous materials with suitable morphology and mechanical strength.
Beyond achieving the correct morphology, a successful dental obturation material must be chemically compatible with and adhere to the substrate. [19] [20] [21] [22] [23] Many obturation materials are designed essentially by controlling only mechanical properties because adding a ceramic, or generally a filler, is known to improve the mechanical properties of polymers. 24 Here, we take into account morphology, chemical structure, mechanical behavior, and surface properties, considering the combined effect of all of these on tooth ingrowth, [25] [26] [27] as well as the role of viscoelasticity for implant compliance and performance. 28, 29 Because teeth constitute an organic-inorganic hybrid, a reliable hybrid 30 for dental applications 31 should contain an agglutinating polymer that possesses: (i) high shear strength (around 70 MPa) resistance interfacial stresses during mastication; (ii) appropriate tensile/ compressive strength and toughness, because very rigid and tough materials may lead to premature wear of the real teeth from contact during chewing 32 ; (iii) high scratch resistance, to avoid the occurrence of fissures, cracks, or canals that invite bacterial growth; (iv) good adhesion with the hydroxyapatite (HAp) powder particles and with the substrate (dentin) to avoid microfiltration, which produces bacterial growth 29, 32, 33 ; (v) high hydrolytic stability [34] [35] [36] for durability within the environmental conditions of the mouth; and (vi) appropriate chemistry, to favor nonaggravating molecular recognition by the immune system. For all composites of the general type polymer plus ceramic, the problem of adhesion between differing components is an important challenge in product development. [37] [38] [39] [40] In turn, adhesion depends on surface and interfacial tension values. 41 Based on these specifications, we selected a polyurethane (PU) monocomponent, cross-linkable at room temperature, as the agglutinating polymer for our HApbased hybrids. PUs have a large variety of structures and thus a variety of properties, from flexible to rigid. 42, 43 Our polyisocyanate cross-linker contains a blocking functionality that limits its own chemical reactivity, thereby stabilizing the resin-plus-isocyanate mixture. In the presence of moisture, part of the blocking structure is released, producing, in this particular case, CO 2 , while the rest reacts with −OH groups that are present in the material (e.g., on HAp, the hydroxylated PU resin). The result of the reaction between the HAp and the polymeric resin is the production of a network in which HAp particles act as hubs, with polymer molecules chemically anchored to their surface and joining different HAp particles through polymer bridges. 44 This network morphology of our chemically reacted hybrid improves the mechanical properties compared to physical blends of the same type of material.
Furthermore, the CO 2 produced during the chemical reaction that occurs when the resin and cross-linker are mixed with HAp particles acts as a pore-former, creating a porous material. Both pore size and pore volume fraction in the material depend on (i) the HAp particle size (and the surface area of HAp particles that is exposed when the chemical reactions take place) and (ii) the relative proportion of polyisocyanate (i.e., the −OH groups in the reactive mixture).
Here we describe the synthesis of new porous HApbased materials that can be produced in situ at room temperature and without the presence of other undesirable compounds such as pore-formers or other reaction sideproducts. At the same time, our process is designed so that we can control the morphology while also achieving good adhesive, mechanical, and wear properties.
II. EXPERIMENTAL

A. Synthesis
A rigid PU resin was prepared from a commercially available aliphatic (acrylic) hydroxylated resin (Reichhold, Research Triangle Park, NC) combined with a malonate-blocked polyisocyanate (prepared in the laboratory) as the curing agent (CA) in a proportion of 4:1 by volume (to react all cyano groups). Using the same resin/CA ratio and the same CA, a flexible PU resin was prepared from a commercial aromatic hydroxylated resin (Bayer, Leverkusen, Germany) while a semi-rigid sample was obtained by mixing equal proportions of the rigid and flexible resins. The reactions occurred at room temperature, and chemical compositions of the samples are reported in Table I .
B. Sample preparation
Small disks of 1 cm diameter and 0.5 cm thickness were produced at room temperature by mixing synthetic HAp [Ca 10 (PO 4 ) 6 (OH) 2 ] powder (Sigma Aldrich, Milwaukee, WI) ground at a mesh of 100 (particles 150 m diameter) with the three different PU monocomponent resins: rigid; semi-rigid; and flexible. Once a homogeneous paste was obtained, the mixture was placed in Teflon (DuPont, Wilmington, DE) molds to produce the disks. Samples were kept in the molds for 24 h to ensure full curing of the thermoset resins. For some samples, alumina microparticles (1.4 m diameter) were added (at 20 and 40 wt% with respect to HAp).
C. Staining
By rubbing recently prepared samples with a spatula or other flat object, the pores of the surface are closed, leaving a smooth (poreless) surface. Some of the samples were rubbed until smooth and then soaked for 2 weeks in an aqueous solution of methylene blue (MB), a common staining agent. After that time, the samples were removed from the staining liquid and cut down the middle. The MB penetration was measured from the cross section using an optical microscope. The results of the microfiltration test are reported in Table I .
D. X-ray diffraction
The x-ray diffraction (XRD) patterns were obtained using a Rigaku (Tokyo, Japan) D500 machine with a radiation source of 0.154 nm. The angle 2 was varied from 10°to 80°at a rate of 2°/min.
E. Density
The densities were determined by weighing the samples on an analytical balance (resolution 1 × 10 −5 g) and measuring the disk sizes with a micrometer (resolution 1 × 10 −4 cm).
F. Scanning electron microscopy
Scanning electron microscopy (SEM) was performed with a JEOL (Tokyo, Japan) JSM-6060 scanning electron microscope at 20 kV in secondary electron mode with different magnifications. Samples were frozen in liquid N 2 and broken, and the new fractured surface was coated with gold. Average pore sizes were determined from SEM images by measuring the diameters of >200 pores for each sample.
G. Tensile mechanical tests
Mechanical tests were performed in an Adamel Lhomargy (Konkonkoma, NY) machine model DY.22 at 2.5 cm/min. The experiments were performed (five times for each sample type) in a three-point-bending configuration with two supports separated by 2.0 cm and the pressure applied in the middle by the probe.
H. Abrasion testing
Abrasion experiments were performed on a specially designed apparatus using the Taber method according to the ASTM-D-1242-95 standard, using a steel disk of 25.5 cm radius rotating at 250 revolutions per minute (rpm) with sandpaper Fandeli (Houston, TX) F-120 adhered on its surface. Samples were placed on the rotating disk, and a load of 10 g was applied; every 20 s, the weight loss was determined using an analytical balance (resolution 1 × 10 −5 g). After the sanding process and before the weight determination, the sanded surface was wiped clean with a dry, soft cloth while the sandpaper was cleaned with a soft brush to remove dust. All experiments were performed at room temperature under dry conditions for a total time of 200 s. Five sets of abrasion experiments were performed for each sample.
I. Scratch resistance
Scratch resistance was determined on a microscratch tester (CSEM Instruments, Neuchatel, Switzerland) equipped with a Rockwell diamond tip (radius 200 mm, included angle 120°). The procedure has been described before. [45] [46] [47] [48] [49] During single scratch tests, the instantaneous penetration depth R p was recorded over the length of 5-mm-long scratch grooves. Scratching was conducted at 5 mm/min under applied loads between 5 N and 25 N. 
The reported values of R p and R h are averages of the values obtained between 0.5 and 4.5 mm along the scratch groove.
J. Sliding wear
As with the single scratch tests defined immediately above, sliding wear tests were conducted using the same 
K. Friction
Friction was evaluated using a Nanovea pin-on-disk tribometer (Microphotonics, Irvine, CA) equipped with a silicon nitride pin. Samples were tested under an applied force of 2 N during 5000 revolutions at 100 rpm.
III. CHEMICAL AND PHYSICAL CHARACTERIZATION
A. Structural stability
The XRD patterns of HAp-plus-resin and HAp-plusresin-plus-alumina hybrids were compared to the patterns for pure HAp and alumina. The patterns show that the chemical reaction between the HAp and the isocyanate does not modify the crystalline structure of HAp or the alumina. All of the characteristic reflections of HAp and alumina appear in the hybrid material, indicating unaltered crystalline structures.
Because our purpose was to use the hybrids as obturation materials, the hydrolytic stability and morphology of the samples are important properties to define. The sample names are preceded by R (rigid), SR (semi-rigid), and F (flexible), with compositions as defined in Table I . We have determined that when pore size is >2.9 m and porosity is around 27% by volume, the whole system is percolated with an interconnected structure of pores that potentially can be appropriate for vascularization and therefore for the regeneration of teeth.
B. Morphology of porous samples
The rigid, semi-rigid, and flexible hybrids all possess a porous morphology. We see in the R-100 sample in Fig. 1(a) large interconnected pores in the range from 90 to 350 m (mean size 138 ± 76 m, Fig. 2) . We note that a Serbian group has reported 53 a minimum pore size of 0.4 m. The effects of pore size on mechanical properties will be discussed in Sec. IV. B. We found similar results in Fig. 1(c) mechanical properties and are not suitable for vascularization. Sample R-100-40 in Fig. 1 (c) appears similar to the R-100 sample, with large pores between 100 and 300 m and a mean size of 169 ± 65 m. Figure 1 (c) also indicates that the R-100-40 sample contains fewer small closed pores than the R-100-20 sample.
By contrast, we found small pores in the sample seen in Fig. 1(d) that were uniformly distributed along the entire sample with just a few large interconnected pores for the flexible material F-100. The pores in the F-100 material range in size from 100 to > 400 m with a mean size of 171 ± 99 m. Thus, the average pore size reflects the abundance of small pores combined with only a few larger ones. Not surprisingly, the morphology of the semi-rigid sample SR-100 reflects its flexible and rigid components. In Fig. 1(e) , large interconnected pores are clearly visible; their sizes range from 100 to > 300 m, with a mean size of 175 ± 84 m. Although this numerical average is similar to that for the R-100-40 sample, we observe that the SR-100 sample has significantly more closed (blind) pores that do not contribute to the vascularization.
C. Density and volume fraction of pores
As stated earlier, it is known that the pore volume fraction must be about 27% to percolate the system. The volume fraction of pores p in the prepared samples was calculated from the densities of a solid nonporous ( s ) sample and a porous ( p ) sample of the same composition according to the relationship:
Nonporous samples were prepared in the same way as described above for porous samples but using an isocyanate without the blocking group, thereby eliminating the formation of CO 2 . The densities listed in Table I were calculated from the mass, as measured on an analytical balance, divided by the volume (determined by measuring the sample size on a micrometer). The pore volume fractions calculated from Eq. (1) are also reported in Fig. 2 (along with pore size) . We found that the mean pore volume fraction was smallest (26 ± 0.3%) for the F-100 sample. The remaining samples have higher p values that lie between 35% and 59%, all of which are suitable in terms of their potential for allowing vascularization.
D. Stain susceptibility
The microfiltration of the MB stain does not appear to directly correlate with either pore size or pore volume. The data in Table I indicate that stain penetration was immeasurable for the rigid samples containing alumina and <0.5 mm for the other sample compositions.
IV. MECHANICAL AND TRIBOLOGICAL CHARACTERIZATION
A. Abrasion
Because the mastication process imposes significant shear stresses that scratch and abrade the teeth, it is essential to obtain a filling material with sufficient durability. The results of our abrasion experiments are reported in Fig. 3(a) , where weight loss is plotted as a function of abrasion time (up to 200 s for all samples). The dependence of weight loss on abrasion time is nearly linear, with the slopes of the lines corresponding to the time rate of weight loss [values in Fig. 3(b) ]. The semirigid sample SR-100 performed the worst, losing weight at a rate of 0.063 mg/s (or 3.78 mg/min). With a weight loss rate of 0.055 mg/s, the R-100 sample performed somewhat better. The addition of alumina provides an improvement: Fig. 3(b) shows rates of 0.046 mg/s and 0.047 mg/s, respectively, for the R-100-20 and R-100-40 samples. These two samples have practically the same abrasion resistance despite a difference in pore size and pore volume fraction. Apparently, doubling the alumina concentration has a negligible effect. [The errors for the rates of weight loss are provided in Fig. 3(b) .]
The sample with the highest abrasion resistance was the F-100 sample, which lost weight at 0.032 mg/s: this value is practically half that of the semi-rigid sample. In this scenario, a flexible resin is beneficial because softer materials are more difficult to grind and generate less particulate debris. Furthermore, the presence of several large pores with diameters >300 m may contribute to the poor abrasion resistance of the SR-100 sample. Moreover, as the subsequent section on mechanical properties suggests, the rigid component of the SR-100 sample seems to have more influence on the sample properties than does the flexible component (at the concentration used). 
B. Mechanical properties
We report the outcome of mechanical tests in Fig. 4 . For all samples, the Young's modulus is fairly low as a result of porosity in the materials. This is a widespread effect in porous materials compared to their nonporous counterparts. The pores create many points for stress concentration, while their thin walls favor crack propagation and fissures as a result of the high local stresses. We recall molecular-dynamics computer simulations of polymeric materials: small cracks can grow into large ones (unless crack arrest occurs). 54, 55 However, some investigators 56 have demonstrated that the Young's modulus can be increased significantly when an organic phase (e.g., collagen) fills the interconnected pores. Here also, we see the clear effects of pores and of the composition variation. The F-100 sample has the lowest modulus by far for two reasons: it has the lowest p ; and the flexibility of the PU.
As expected based on our previous work, 29, 45 tough ceramic particles improve the mechanics as well as the tribology of the hybrid materials, as manifested in the moduli and also in the improved abrasion resistance. Thus, the two samples with Al 2 O 3 are the strongest. The R-100-40 sample, which has the most alumina, has the highest modulus of all; both the R-100-20 and R-100-40 samples contain the same amount of PU. Quite pertinent also is the result for the R-100 sample; its modulus is only slightly lower than that of the R-100-20 sample. This means that the reinforcement effect caused by a rigid PU filling large pores is much larger than that caused by the presence of Al 2 O 3 . However, return now to Fig. 3(b) . The alumina-containing samples have lower abrasion rates than the other samples, except for the F-100 sample, which has small pores and a flexible PU. Thus, if optimization with respect to both modulus and abrasion resistance is needed, the R-100-20 sample would be the material of choice.
C. Scratch resistance and sliding wear
We see in Fig. 5 the penetration R p and residual depth R h values corresponding to single scratch tests at forces between 5 N and 25 N. For all samples, both R p and R h increase with increasing load, as expected. While the responses of some types of materials are linear, the wavy nature of the R p and R h curves for other materials is due to porosity and the particulate nature of our materials. For instance, the maxima observed for the F-100 and SR-100 samples can come from hitting a thin-walled pore, where the diamond indenter is able to penetrate more deeply. Furthermore, we observe that, overall, the R p is the highest in the flexible material while the R h is simultaneously the most shallow. A softer material is more easily penetrated but experiences greater viscoelastic recovery f. The rigid sample R-100 has the smallest R p and also better f than the sample containing alumina (sample R-100-20). We recall the results for polyamide-6 reinforced with multiwalled carbon nanotubes (CNTs); CNTs provide mechanical strengthening but hamper the f. 57 The semi-rigid material exhibits intermediate values, although it tends more toward rigid behavior than flexible.
In tests of sliding wear, we evaluate the behavior of the obturation materials during repetitive scratching. The depths are plotted as a function of the number of passes of the indenter: after about 10 passes, the beginning of a plateau is observed in the R p values (Fig. 6) ; however, values of R h appear to continue to worsen. Generally, the observance of strain hardening in polymer-based materials (PBMs) is defined by the asymptotic behavior of both R p and R h curves. 50, 52 For our materials, the behavior observed here suggests that repetitive wear does not significantly increase penetration but damages the material such that it recovers less with each pass of the indenter.
Overall, the R p was highest for the F-100 sample (Figs. 5 and 6), while for sliding wear under a 5 N applied load the R-100 sample has the most shallow R p . Values for the semi-rigid and rigid samples without alumina are somewhat higher. This is similar to the cluster of values at a load of 5 N seen above in Fig. 5 for R p after single scratching. Most important is the f of the samples. Similar to the results for single scratches (at a load of 5 N), in sliding wear the SR-100 sample has the lowest R h , while the F-100 and R-100 samples have slightly higher values and the R-100-20 sample has the highest value. Thus, the highest concentration of alumina we used hampered the f the most. Note that even the highest recorded value of R h for sample R-100-20 is approximately 140 m, which is less than or equal to the pore diameters and the HAp particle sizes in all the samples.
D. Friction
The friction behavior of dental obturation materials is relevant in determining the durability of such materials. Figure 7 shows that friction is higher for the flexible and semi-rigid materials and as low as 0.4 for samples containing the rigid PU. Because we know that friction is related to other material properties, we are not surprised to find that the friction values support the results of the mechanical properties obtained and discussed earlier. We infer that the higher elastic modulus of the rigid materials plays a significant role in their lower friction.
V. A SURVEY OF RESULTS
New HAp-based hybrid porous materials were produced with morphology and mechanical properties appropriate for use as vascularized obturation materials. This represents a step forward in the design of dental materials because existing obturation materials are designed to be inert implants, while our materials are designed to actively encourage tooth attachment and regeneration. Our new biomaterials have interconnected pores with average pore size between 100 and 250 m, and pore volume fractions ranging from 26% to 60%, thus making them viable candidates to simulate real teeth. The pore size and volume can be modified by changing the particle size of the HAp powder and the relative concentration of HAp/resin. This occurs because CO 2 formation depends on the availability of reactive groups; in turn, that availability depends on the resin/CA ratio; the amount of resin needed is dependent on the HAp particle size. As we establish a quantitative relationship between these components and the resultant morphology, we will improve our ability to predict and control the exact morphology of our materials.
While the flexible resin sample F-100 exhibits the best abrasion resistance and viscoelastic recovery f after scratching, and also possesses a pore size and volume fraction near the desired range, its weak mechanical properties discourage its use as a dental obturation filling. The semi-rigid sample SR-100 does not match the mechanical properties of the rigid materials and also exhibits poor resistance to abrasion, thereby negating its usefulness for the intended application.
The samples with the best performance are R-100, R-100-20, and R-100-40. Because their pore size is around 150 m, the R-100 and R-100-40 samples possess the right morphology; a pore volume fraction near 50% should result in sufficient interconnection for vascular growth. The mechanical properties of the R-100 and R-100-40 samples are combined with a high abrasion resistance (5.5 and 4.7 × 10 −5 g/s, respectively). Low friction along with good resistance to scratching, and decent f after single scratches and sliding wear suggest the usefulness of the rigid hybrids for obturation materials in dentistry. Given the wide range of rigidity available in PUs and our capability to vary concentrations of HAp and alumina, fine tuning of the desired properties is possible.
Finally, we note the issue of the sources of HAp. In this work, we have used a synthetic HAp. We recall that HAp can also be made from egg shells, 58 which otherwise become an environmental problem.
